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The quasiparticle band structures of the ordered L12 and L10 phases of NixPt1-x (x
¼ 0.25, 0.5, and 0.75) have been calculated and compared to the band structures
obtained using density functional theory. For each alloy, an increase in the
curvature of the band structure is generally seen when the quasiparticle
correction is made. Non-dispersive regions are shown to include a dispersive
component under the quasiparticle correction. The quasiparticle weights are k-
dependent and greater towards the G point. Non-linear analytical modelling of
the quasiparticle correction is shown to be complex.
Keywords: Materials science, Physical chemistry, Theoretical chemistry,
Condensed matter physics, Quantum mechanics
1. Introduction
The ordered phases of ordered NixPt1-x (x ¼ 0.25, 0.5, and 0.75) are transition metal
alloys whose structural and electronic states depend sensitively on their stoichiom-
etry and both the temperature and pressure of their surroundings [1]. At high temper-
atures (>600e800 K) the alloys are disordered but at lower temperatures ordered
structures form [2, 3]. This phenomenology is also seen for the associated Co-Pt
and Fe-Pt systems and the ordering reduces much of the structural complexity of
the systems and allows them to be theoretically much more accessible..e01000
vier Ltd. This is an open access article under the CC BY-NC-ND license
y-nc-nd/4.0/).
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disordered phases. Early studies by Staunton et al. [4] calculated the band structure
along the G-X direction of the Ni0.50Pt0.50 alloy using the relativistic Korringa-
Kohn_Rostocker coherent potential approximation (R KKR CPA). The work pre-
dicted only modest changes in the band structure with Pt or Ni concentration for
the disordered case and was limited by the KKR treatment of the site potentials
and their self-consistency. The prediction of DOS at the Fermi level was lower
than the DOS observed experimentally [5]. The work was complemented by self-
consistent ﬁeld (SCF) KKR-CPA calculations [6, 7] of the Ni0.50Pt0.50 alloy which
calculated the ordering and the alloy formation energy. Recent developments [8]
have shown that the non-local coherent potential approximation (NL-CPA) is eﬀec-
tive in describing the electronic structure of disordered alloys; however, no re-
investigation of the electronic band structure of the disordered Ni-Pt alloy or inves-
tigation of the ordered Ni-Pt alloys have been presented. Combined experimental
and computational studies [9] have concluded that relativistic and self-consistent ef-
fects are required within KKR-CPA calculations in order to explain the weight of Pt
states close to the Fermi level which are seen in experimental photoemission studies
of the disordered Ni-Pt and Cu-Pt alloys. Later studies [10] concluded that electron
correlation was one of the more probable causes of discrepancies between computa-
tional and experimental studies of Ni-Pt alloys. These conclusions support the use of
quasiparticle methods over conventional DFT approaches in computational studies
of these alloys.
The work outlined in the previous paragraphs have highlighted the fundamental in-
terest in both ordered and disordered Ni-Pt alloys. Signiﬁcant applied interest exists
for these systems particularly since the observation that the Pt3Ni(111) surface is
signiﬁcantly more reactive towards the oxygen reduction reaction (ORR) than
pure Pt(111) [11,12]. These surfaces are made out of Pt overlayers lying on top of
an alloy bulk which is phenomenon seen across a range of metallic alloys [13]. These
surface layers are subject to both geometric and electronic eﬀects. Geometrically the
pure Pt surface layers are strained compared to the surface layers of Pt(111) which
are formed above a pure Pt bulk. This is because the bulk alloy will have a diﬀerent
lattice constant to bulk Pt. The importance of the eﬀects of strain on Pt(111) towards
reactants in the ORR have recently been investigated [14, 15]. The electronic struc-
ture of the Pt(111) surface layer will be aﬀected by the nature of the selvedge and, to
a lesser extent, the bulk. This is because the wave-functions in these regions will
interact with those in the surface. Recent computational studies have focussed on
the selvedge character by applying strain to Ni-Pt [16], and both the Co-Pt and
Fe-Pt systems [17] and have discussed the magnetic character of these alloys under
both compressive and tensile loading.
In the current work the quasiparticle approximation will applied to the ordered
NixPt1-x (x ¼ 0.25, 0.5, and 0.75) alloys and will be compared with the predictionson.2018.e01000
by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
censes/by-nc-nd/4.0/).
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Computational Details, the level of both quasiparticle and DFT approximation used
in the current work is outlined together with a complete description of the metrics
used to compare both of these approaches as well as a short summary of their geo-
metric and magnetic predictions. The Results and Discussion section will compare
both the electronic and the quasiparticle band structures for each of the NixPt1-x al-
loys, and these comparisons will be summarised in the Conclusions.2. Theory
The plane-wave density functional theory (DFT) simulations presented in this work
were performed using the Quantum Espresso package [18]. Both local density
approximation (LDA) and generalised-gradient approximation (GGA) simulations
were performed and, in both cases, spin polarisation was used with a wave-
function kinetic energy cut-oﬀ of 75 Ry and a charge density/potential cut-oﬀ of
900 Ry. A Brillouin zone sampling of (20  20  20) was used together with a
ﬁrst-order Methfessel-Paxton smearing of 0.02 Ry throughout this work [19].
Norm-conserving pseudo-potentials [20] generated using the Perdew-Wang and
the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functionals were used
for the LDA and GGA simulations, respectively. All energies in this work are nor-
malised to the Fermi level EF, i.e. EF ¼ 0 eV.
The L12 and L10 structures of the Ni0.25Pt0.75 and Ni0.50Pt0.50 ordered alloys are
shown in Fig. 1 and the structural parameters are summarised in Table 1. The equi-
librium lattice parameter a of the L12 structures were determined as the minimum of
the crystal’s equation of state which itself was obtained by straining the crystal i.e.
changing the lattice parameter a and calculating the total energy of the resulting unit
cell. To determine the equilibrium lattice parameters a and c of the L10 structure a
similar approach was used. However, in order to determine the equation of state
for this latter case the crystal was strained in a and then allowed to relax along
the c direction using damped Beeman dynamics of the Wentzcovitch extended
Lagrangian [18].
The magnetic moment per Pt and Ni atom, mPt and mNi, presented in Table 1 are
consistent with earlier DFT studies of the Pt and Ni magnetic momenta [23, 24,
25] which have estimated values of mPt and mNi of 0.1e0.2/0.3mB and 0.2e0.6mB,
respectively. These studies also observed that the magnetic moment of the Ni
atom is consistently larger than that of the Pt atom, and that both are sensitive to
the local stoichiometry. These observations are reﬂected in the current study. The
magnitudes of both the magnetic momenta mPt and mNi presented in the current
work agree with values presented in the more recent DFT studies of the ordered
Ni-Pt alloys [16]. This latter study thoroughly investigated the eﬀects of both spinon.2018.e01000
by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
censes/by-nc-nd/4.0/).
Fig. 1. The (a) L12 and (b) L10 structures of the Ni0.25Pt0.75 and Ni0.50Pt0.50 ordered alloys, respectively.
The Ni0.75Pt0.25 structure is obtained by replacing each Ni (Pt) atom with a Pt (Ni) atom in the Ni0.25Pt0.75
structure.
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of the moments seen in these alloys. The level of agreement between the current
work and the recent work [16] suggests that the level of DFT approximation used
in the current work is optimal.
Using GGA-DFT, the cohesive energy per formula unit (four atoms) Ecoh was deter-
mined to be 19.70, 15.29 and 17.72 eV for the Ni0.25Pt0.75, Ni0.75Pt0.25 and
Ni0.50Pt0.50 alloys, respectively. These values can be compared with theon.2018.e01000
by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
censes/by-nc-nd/4.0/).
Table 1. Summary of the structural and magnetic parameters of the for the
Ni0.25Pt0.75 and Ni0.75Pt0.25 (L12) and Ni0.50Pt0.50 (L10) ordered alloys, obtained
using either LDA or GGA DFT simulations performed in the current work, or
experimentally in previous works. a and c are the unit cell dimensions shown in
Fig. 1 and mPt and mNi are magnetic moment per Pt and Ni atom, respectively.
Structure a (A) c (A) mPt (mB) mNi (mB)
Ni0.25Pt0.75 (L12) LDA 3.825 - 0.262 1.043
GGA 3.919 - 0.348 1.284
Exptl. 3.836[21] - - -
Ni0.75Pt0.25 (L12) LDA 3.604 - 0.384 0.973
GGA 3.752 - 0.177 1.198
Exptl. 3.645[21] - - -
Ni0.50Pt0.50 (L10) LDA 3.812 3.539 0.418 1.044
GGA 3.922 3.644 0.397 1.243
Exptl. 3.814[21] 3.533[22] - -
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23.36 eV [26]. The calculated alloys cohesive energies are therefore within 5e10%
of the weighted average of the pure elements, which is similar to the level of agree-
ment seen in previous computational estimates of Ecoh(Ni0.25Pt0.75) [27].
To estimate accurately the band structure of the ordered NixPt1-x phases, and to eval-
uate the error in calculations of the band structures which use GGA/LDA approxi-
mation, the quasiparticle energies were calculated within the GW approximation
for the self-energy using the YAMBO package [28]. This problem has been compar-
atively widely investigated for semiconductor systems [29, 30] compared to the
more limited studies of metallic systems [31]. In the current work, for each band
structure a single-shot G0W0 calculation [32] with RPA (real axis integration) was
conducted. For the Ni0.25Pt0.75, Ni0.75Pt0.25 and Ni0.50Pt0.50 ordered alloys the Drude
plasmon peaks were determined by extrapolation [33] to be 7.74, 11.09 and 9.415
eV, respectively.
In order to quantify the diﬀerences in the curvature of the quasiparticle and DFT
band structures, the normalised gradient diﬀerence Rqpk of the quasi-particle and
GGA-corrected bare electron dispersions was deﬁned as
Rqpk ðEbareÞ ¼ 2


dEqp
dk
 dEbaredk



dEqp
dk
þ dEbaredk
 ð1Þ
EqpandEbareare the energies of the quasi-particle and GGA-corrected bare electron
dispersions, respectively. Similarly, the normalised gradient diﬀerence Rbarek of the
LDA- and GGA-corrected bare electron dispersions was deﬁned ason.2018.e01000
by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
censes/by-nc-nd/4.0/).
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

dELDAbare
dk
 dEbaredk



dELDAbare
dk
þ dEbaredk
 ð2Þ
ELDAbare is the energy of the LDA-corrected bare electron dispersion. The resulting his-
togram of both Rqpk is denoted NTot.
The diﬀerences in the energies of the band structures determined by the quasiparticle
and DFT approaches can be seen by comparing the quasiparticle and DFT energies,
which are denoted Eqp and Ebare respectively. In the current work, this comparison is
only performed between quasiparticle energies and DFT energies obtained using the
GGA approximation. The linearity of the relationship between Eqp and Ebare pro-
vides a quantiﬁcation of the quasiparticle weight [34] which itself is a function of
the gradient of the self-energy of the quasiparticle with energy. The linear compo-
nent of the curve of Eqpversus Ebare was extracted using the linear curve deﬁned
in Eq. (3)
Eqp;LF ¼ mEbare þ c ð3Þ
Both conventional and robust ﬁtting [35] were used to extractm and c. No signiﬁcant
diﬀerences were seen between the two methods though the results presented in the
current work were obtained from robust ﬁtting.
The non-linear residual component of the Eqpversus Ebare curve was deﬁned using
Eq. (4)
Eqp;Resid ¼ Eqp Eqp;LF ð4Þ
Eqp;Resid can be used to quantify the linearity of the curve of Eqpversus Ebare using
Eq. (5)
c2Resid ¼
XN
i¼1
Eqp;Resid2
N
ð5Þ
N is the number of energies at a particular k-point.
The non-linear residualEqp;Resid was modelled using a sequence of functions
Ed;linearqp;Resid ¼ c1þ c2SPt d þ c3SNi d ð6Þ
Esd;linearqp;Resid ¼ c1þ c2SPt s þ c3SPt d þ c4SNi s þ c5SNi d ð7Þ
Ed;quadqp;Resid ¼ c1þ c2SPt d þ c3S2Pt d þ c4SNi d þ c5S2Ni d ð8Þon.2018.e01000
by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
censes/by-nc-nd/4.0/).
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SPt s, SNi s, SPt d and SNi dare the sum of the Pt and Ni s and d wave-function coef-
ﬁcients, respectively. During this ﬁtting process the constant term c1 could absorbed
into the constant term c used in Eq. (1) with no signiﬁcant increase to the best-ﬁt
value of c2Resid. The overall quality of ﬁt was
c2Fit ¼
XN
i¼1

Eqp;Resid Eqp;Fit
2
N
ð10Þ
In Eq. (10) Eqp;Fit was one of either E
d;linear
qp;Resid, E
sd;linear
qp;Resid, E
d;quad
qp;Residor E
sd
qp;Resid.3. Results & discussion
Fig. 2 shows the band structures for the Ni0.25Pt0.75, Ni0.75Pt0.25 and Ni0.50Pt0.50 or-
dered alloys calculated within both the DFT and quasiparticle approximations. Only
the spin-up band structures are presented in the current work, for brevity. The latter
band structures are presented close the G point compared to the DFT band structures
as the comparative discussion of these two approaches will focus on diﬀerences at
the G point. Each DFT band structure contains a low-lying s-like feature, which
has energy of approximately -10 eV at the G point. This feature remains separated
from the higher energy d-band at low values of k, where k is the distance in reciprocal
space to the G point. This separation becomes less at larger values of k, for example
at the R k-point and in the R-A regions of the L12 and L10 lattices, respectively. The
assignment of orbital character to a particular band and at a particular energy is based
on the band structures presented in supplementary Fig. S1, which shows the projec-
tion of the crystal wave-function onto the s and d spin-polarised atomic wave-
functions. These projections are shown as partial density of states (PDOS) in supple-
mentary Fig. S2.
At higher energies, the occupied bands of the DFT band structures have signiﬁcant
d character and contain ﬂat, linear (non-dispersive) regions at approximately -3 eV at
the G point. The observation of non-dispersive regions is a key observation in the
DFT band structures. If these structures are compared with the quasiparticle band
structures, the dispersion is seen to increase within these non-dispersive regions
and elsewhere within the band-structures. This means that GW approximation pre-
dicts that the quasiparticles mobility can be greater that of the bare electron. This pre-
diction removes the unusual ﬂat regions from the dispersion.
Quantitatively, changes in the curvature are analysed using a simple numerical
metric Rqpk ðEbareÞ which was deﬁned in Eq. (1). The metric shows the fractional
change in the curvature of the band structure when the quasiparticle approximation
is applied. Fig. 3 shows histograms of this parameter at the G point of the spin-upon.2018.e01000
by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
censes/by-nc-nd/4.0/).
Fig. 2. Band structures for the (a) Ni0.25Pt0.75, (b) Ni0.75Pt0.25 and (c) Ni0.50Pt0.50 ordered alloys, ob-
tained using both the DFT (Ebare) and quasiparticle (Eqp) approximations.
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loys. The histograms show that the curvature generally increases as the quasiparticle
approximation is applied, as the average Rqpk ðEbareÞ > 0. A similar set of histograms
was obtained for the spin-down band structures at the same k-point for each of the
ordered alloys.
Table 2 summarises the extension of this analysis across all of the high symmetry k-
points for each of the ordered alloys. Comparing Rqpk ðEbareÞ at the G, X and M points
for each alloy shows that the increased curvature is largest at the G point independent
of the alloys structure, and that the Rqpk ðEbareÞgenerally decreases as distance from
the G point increases. This latter conclusion can be conﬁrmed quantitatively by
considering the distances from the G point to the X and M points summarised in
Table 3. A similar behaviour is apparent when considering the out-of-plane k-pointson.2018.e01000
by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
censes/by-nc-nd/4.0/).
Fig. 3. Histograms of the normalised gradient diﬀerence Rqpk of the quasiparticle and GGA-corrected
bare electron dispersions, evaluated at the G point for the (a) Ni0.25Pt0.75, (b) Ni0.75Pt0.25 and (c)
Ni0.50Pt0.50 ordered alloys.
9 https://doi.org/10.1016/j.heliyon.2018.e01000
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Table 2. Summary of the average normalised gradient diﬀerences hRqpk ðEbareÞi and
hRbarek ðEbareÞi for the Ni0.25Pt0.75 and Ni0.75Pt0.25 (L12) and Ni0.50Pt0.50 (L10) or-
dered alloys, evaluated at the high-symmetry G, X, M and R reciprocal space po-
sitions for the L12 alloys, and at theG, X,M, Z, R andA positions for the L10 alloy.
Structure Average gradient difference G X M Z R A
Ni0.25Pt0.75 (L12) hRqpk ðEbareÞi 0.804 0.456 0.340 - 0.330 -
hRbarek ðEbareÞi 0.066 0.057 0.145 - 0.053 -
Ni0.50Pt0.50 (L10) hRqpk ðEbareÞi 0.755 0.519 0.373 0.056 0.300 0.246
hRbarek ðEbareÞi 0.070 0.004 0.101 0.019 0.038 0.007
Ni0.75Pt0.25 (L12) hRqpk ðEbareÞi 0.786 0.592 0.482 - 0.513 -
hRbarek ðEbareÞi 0.165 0.167 0.201 - 0.326 -
Table 3. Summary of the k-space distances between the G point and each of the
remaining high-symmetry points. Units are of these distances are 2p=a, where a
is the length deﬁned in Fig. 1. The out-of-plane length c for the L10 Ni0.50Pt0.50
structure was 0.9292, and was deduced from the parameters presented in Table 1.
Structure X M Z R A
L12 0.500 0.707 - 0.866 -
L10 0.500 0.707 0.464 0.682 0.846
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point.
To compare the importance of the quasiparticle correction with the choice of
exchange-correlation functional, the metric Rbarek ðEbareÞ was deﬁned in Eq. (2).
This metric shows the fractional diﬀerences in the curvature of the band structure
when either the GGA or the LDA approximation was used. The k-resolved average
values of this parameter are summarised in Table 2 and shows that the importance of
exchange-correlation functional is less than that of the quasiparticle approximation
as Rqpk ðEbareÞ > Rbarek ðEbareÞfor all k-points.
Fig. 4 shows the quasiparticle energy Eqp versus DFT energy Ebare evaluated at the G
point for each of the ordered Ni0.25Pt0.75, Ni0.75Pt0.25 and Ni0.50Pt0.50 alloys. The
simplest approximation of these curves e i.e. the simplest model for the quasipar-
ticle correction - was determined by ﬁtting the linear model Eqp;LFto the curve.
Though this simple model reproduces the general increase of Eqp with Ebare the it
is clear in Fig. 4 that the model has insuﬃcient complexity to perfectly model the
dependence of Eqp on Ebare. This discrepancy is quantiﬁed by the quality of ﬁt
c2Residof the linear model. c
2
Resid is shown in Fig. 5 for each of the high symmetry
k-points. To highlight the k-dependence of c2Residthe abscissa of Fig. 5 is k, whoseon.2018.e01000
by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
censes/by-nc-nd/4.0/).
Fig. 4. Quasiparticle energy Eqp versus DFT energy Ebare for the (a) Ni0.25Pt0.75, (b) Ni0.75Pt0.25 and (c)
Ni0.50Pt0.50 ordered alloys. The energies were evaluated at the G point and the up/down arrows in the title
of each panel denote the spin/down energies, respectively. The addition signs (‘þ’) denote the Eqp and
Ebare energies obtained directly from the quasiparticle and DFT simulations. The linear dashed lines were
obtained by ﬁtting Eq. (3) to the Eqp and Ebare energies obtained from the GW and DFT simulations, and
the diamond symbols were obtained by ﬁtting Eq. (9) to the residual (see text).
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general increase in c2Resid with k demonstrates that the quasiparticle correction be-
comes increasingly non-linear as the distance from the G point increases. This
dependence is in counterpoint to the increases in curvature seen at the G point
and discussed earlier. This indicates that the quasiparticle weight is greater and
that the quasiparticle correction is increasingly linear at low values of k.on.2018.e01000
by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
censes/by-nc-nd/4.0/).
Fig. 5. Residual quality-of-ﬁt parameter c2Resid for the (a) Ni0.25Pt0.75, (b) Ni0.75Pt0.25 and (c) Ni0.50Pt0.50
ordered alloys, evaluated at the high-symmetry G, X, M and R (L12) and the G, X, M, Z, R and A (L10)
positions in reciprocal-space. The ﬁlled triangles (empty inverted triangles) were obtained during regres-
sion analysis of the spin up (down) DFT and GW energies. The k distances are those between the high-
symmetry reciprocal-space point and the G point, and shown in Table 3.
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Fig. 6. Quality-of-ﬁt parameter c2Fitfor the non-linear residual models deﬁned in Eqs. (6), (7), (8), and
(9). Each model was applied to the (a) Ni0.25Pt0.75, (b) Ni0.75Pt0.25 (L12) and (c) Ni0.50Pt0.50 (L10) ordered
alloys and evaluated at the high-symmetry G (pentagrams), X (circles), M (squares) and R (diamonds)
reciprocal space positions for the L12 alloys, and at the G (pentagrams), X (circles), M (squares), Z
(left-pointed triangles), R (diamonds) and A (right-pointed triangles) positions for the L10 alloy. The
clear (ﬁlled) markers denote ﬁtting to the spin up (down) case. The abscissa coordinate shows the
non-linear model.
13 https://doi.org/10.1016/j.heliyon.2018.e01000
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Ed;linearqp;Resid, E
sd;linear
qp;Resid, E
d;quad
qp;Residor E
sd
qp;Resid which were deﬁned in Eqs. (6), (7), (8),
and (9). The quality of ﬁt c2Fitfor each function is shown in Fig. 6 and the actual
values of Eqp obtained after ﬁtting Esdqp;Resid , the highest level model, are shown
on Fig. 4. By comparing the values of c2Fit obtained using E
d;linear
qp;Residand E
sd;linear
qp;Residit
is clear that the quasiparticle correction requires the inclusion of s states or of
non-linear d terms. This initial observation is contrary to the usual treatment of tran-
sition metal alloys which ignores s states. Fig. 6 also shows that c2Fitconverges
rapidly with the level of model used. Consequently, to improve the quality of ﬁt
to Eqp;Resida signiﬁcant number of higher order terms in both s and d states are
required. However as the total number of terms in the c2Residis equal to the number
of Eqp and Ebare energy pairs, i.e. the number of states at each k-point of each band
structure in Fig. 2, the analysis was truncated at Esdqp;Residbefore it became unstable.
This instability would arise because the number of unknowns becomes close to the
number of Eqp and Ebare energy pairs [35].4. Conclusions
The current work has investigated the electronic and quasiparticle band structures for
the ordered L12 phases of NixPt1-x (x ¼ 0.25 and 0.75) and the ordered L10 phase of
Ni0.50Pt0.50. These investigations have been performed using the Quantum Espresso
package to perform density functional theory calculations of the electronic band
structures and the YAMBO package to calculate the quasiparticle corrections. For
each ordered phase, the quasiparticle correction generally separated the states in en-
ergy and was seen to increase the curvature of the band structure. These increases
were notable around the G point where non-dispersive bands e that is, bands which
appear ﬂat in the electronic band structure e were shown to be dispersive under the
quasiparticle correction.
Quantitatively, changes in the curvature have been analysed using a simple numer-
ical metric Rqpk ðEbareÞ. Using this metric is has been seen that the curvature changes
decrease with distance from the G point indicating that the quasiparticle eﬀects are
strongest close to the G point. The comparative metric Rbarek ðEbareÞ has shown that
the quasiparticle correction is numerically more signiﬁcant than the choice of
exchange-correlation functional in determining the alloy band structure. Simple
linear modelling of the quasiparticle correction has been shown to reproduce the
general trends of the quasiparticle correction. However, non-linear modelling of
the correction has been shown to rapidly converge with the inclusion of P and Ni
s and d states or of non-linear d states, and would require a signiﬁcant number of
higher order terms to more accurately describe the correction. The limitations of
this approach are discussed.on.2018.e01000
by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
censes/by-nc-nd/4.0/).
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